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Oxygen reduction reactionAbstract The present work demonstrated an eco-friendly and facile method for the preparation of
starch/Fe3O4/zeolite-bionanocomposite (BNC) at moderate temperature. Zeolite and starch were
used as solid support and stabilizer, respectively. The analysis of UV–vis showed the appearance
of surface plasmon resonance. From PXRD analysis, the incorporation of magnetite nanoparticles
(NPs) in zeolite substrate results in reducing of intensities and broadening of the zeolite peaks of
BNC. The TEM analysis showed the formation of highly distributed Fe3O4-NPs with an average
diameter and standard deviation of 9.24 ± 3.57 nm. The FESEM and EDX analyses imply that
Fe3O4-NPs were homogeneously formed on the surface of the zeolite substrate. VSM analysis illus-
trated the as prepared BNC possessed magnetic behaviour with a saturation magnetization and
coercivity of 1.84 emu g1 and 17.76 G, respectively. The prepared BNC showed potential applica-
bility in energy as low-cost electrode material. The BNC was used as a non-precious catalyst for
oxygen reduction reaction (ORR) in the alkaline medium. The presence of starch and zeolite pro-
moted long term stability up to 1000 cycles and avoid the dissolution and agglomeration of iron
oxide. The ORR commences at the onset potential of 0 V follows by the two successive reduction
peaks at 0.48 V and 1.00 V.
 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Arabian
2 N.H. Abdullah et al.1. Introduction
In recent years, there is growing interest in developing
environmentally-friendly products based on bionanocompos-
ites. Bionanocomposites (BNCs) are a novel class of nanos-
tructured hybrid materials derived from the combination of
natural polymers and inorganic solids with at least one dimen-
sion sized in the range of 1–100 nm (Darder et al., 2007;
Shchipunov, 2012). Extensive research has been conducted
using zeolite-based materials to produce BNCs relative to their
unique properties and variability in the frameworks composi-
tion. Zeolites are well known microporous crystalline materials
with high surface areas and porosity (Chen et al., 2016). Zeo-
lites are safe to be used because they are non-toxic and do not
contribute toward eutrophication which is important to pre-
serve biodiversity and promote sustainable ecosystem
(Marija Grancaric et al., 2009; Udhoji et al., 2005). Zeolites
with framework structure have been investigated as alternative
cathode electrocatalyst as they possessed interesting features
such as porous structure, high electrical conductivity, ther-
mally stable and promising catalytic activity (Park et al.,
2016). The electrical conductivity of variety of zeolites have
been reported to be in the range of about 108–103 O1
cm1 depending on Si/Al ratio and temperature (Freeman
and Stamires, 1961; Kelemen and Schon, 1992). Musyoka
et al. also demonstrated the thermal stability of zeolite A
and X up to 800 C with the stable crystal structure up to
440 C (Musyoka et al., 2015).
Among natural polymers, starch is one of the cheap and
easily available biomass resources with good biocompatibility
and biodegradability characteristics and have granular sizes
from submicron to more than 100 mm in diameter (Ahmad
et al., 2010; Jane, 2006). Numerous research studies have been
reported on the synthesis of starch based BNCs by filling a
thermoplastic starch matrix with nanofillers such as montmo-
rillonite (Koriche et al., 2014), bentonite (Koriche et al., 2014),
carbon nanotube (Gautam et al., 2015), zeolites (Belibi et al.,
2013), and beidellite (Belibi et al., 2013). The development of
BNCs with excellent biocompatible and biodegradable proper-
ties can be used to replace the non-biodegradable synthetic
materials for ensuring the environmental safety and sustain-
ability (Shchipunov, 2012). Besides, the addition of starch
may reduce agglomeration among the smaller particles, as it
contains many O-H functional groups and can bind to the sur-
face of the nanoparticles at the initial nucleation stage (Ma
et al., 2016).
Magnetite (Fe3O4) is the most studied magnetic iron oxide
with an inverse spinel structure and possessed superparamag-
netic features in addition to their low toxicity and biocompat-
ibility (Chen et al., 2012; Lu et al., 2010). There are various
chemical and physical methods have been introduced for the
synthesis of iron oxide nanomaterials such as co-
precipitation (Hariani et al., 2013), hydrothermal (Kolen’ko
et al., 2014), ultrasonic irradiation (L. Wang et al., 2013a),
and thermal decomposition technique (Chin et al., 2011). So
far, co-precipitation has been widely employed due to its sim-
plicity, effectiveness, and inexpensive method for the produc-
tion of iron oxides (Kalantari et al., 2013). The synthesis of
iron oxide BNCs have been widely investigated for potential
applications in biomedical devices and implants (Das et al.,
2013), catalytic reduction of nitroaromatic compounds (TuoPlease cite this article in press as: Abdullah, N.H. et al., Electrocatalytic activity of
Journal of Chemistry (2017), https://doi.org/10.1016/j.arabjc.2017.10.014et al., 2015), drug delivery systems (Bukowska et al., 2017)
and catalyst support in fuel cell (Gnana kumar et al., 2016;
R. Wang et al., 2013b).
Oxygen reduction reaction (ORR) has been credited as one
of the promising alternatives for generation of clean energy as
it is associated with the process that comprised of the breaking
and conversion of chemical energy accumulated in double
bonds of oxygen molecules for subsequent production of elec-
trical energy (Mathur et al., 2016). The development of new
non-precious cathode catalysts in ORR process for fuel cell
and metal-air battery applications is one of the effective strate-
gies to fulfil the highly demands in renewable-energy technolo-
gies and storage resources as well as minimizing the
dependency towards fossil fuels and petroleum products which
are currently running down (Gray, 2009; Jiang et al., 2016; Lin
et al., 2014; Mathur et al., 2016; Sun et al., 2015b).
There have been many researchers reported about the use
of Pt and its alloys as highly efficient ORR catalysts. However,
Pt is known to be expensive and often suffer from decreasing in
the activity attributed to the poisoning during the electrooxi-
dation process. Thus, the alternative catalysts based on non-
precious metals and metal-free materials have been explored
to develop highly durable, stable and cost-effective material
with superior activity to replace the scarce Pt (Liang et al.,
2011; Sun et al., 2015b). For instance, Tan et al. highlighted
the importance of manganese oxides as a template for carbon
coating and synergetic active sites for high ORR activity in
alkaline solution. The high surface area and stability of the
MnO-containing mesoporous nitrogen-doped carbon (m-N-
C) nanocomposite also make a significant contribution to high
ORR activity and potential cathode catalyst candidate for
alkaline methanol fuel cell applications (Tan et al., 2012).
Liu et al. have reported the controllable integration of metal-
organic frameworks (MOFs) and carbon-based materials by
implementing the unique features of ultra-high porosity, syn-
thetic tailorability, facile synthesis and enhanced stabilities
and electrical conductivity (Liu et al., 2016). Nitrogen-doped
mesoporous carbons and Au nanowires also have been inves-
tigated as efficient oxygen reduction catalysts in acidic and
alkaline solutions owing to its high electrocatalytic activity
(Chu et al., 2013). In addition, three-dimensional sulfur-
doped graphene networks have been reported to show high
electrocatalytic activity, good stability and excellent methanol
tolerance for four-electron oxygen reduction in alkaline solu-
tion (Zhang et al., 2014).
The concurrent development of metal oxide based material
consisted of Fe2O3, Fe3O4, Co3O4, MnO2, TiO2 and ZnO as
non-precious catalyst for ORR process offers incredible
advantages for new electrodes engineering and processing
(Delmondo et al., 2016; Huijuan Yang et al., 2014; Sun
et al., 2015a, 2016, 2017). The significant increase in the surface
area of metal oxide material as electrocatalyst may enhanced
its catalytic performance by increasing the numbers of catalytic
sites that exposed to oxygen (Delmondo et al., 2016). Sun et al.
have reported the incorporation of several transition metal oxi-
des with high alkaline corrosion resistance and porosity on
graphene substrate to generate an advance ORR electrocata-
lyst for energy conversion and storage (Sun et al., 2015a).
The development of iron oxide based materials as electrocata-
lyst are significant as they are non-noble catalyst with out-
standing catalytic ability, low cost, abundance storage and
better durability (Sun et al., 2015a).starch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
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deposited on solid substrates such as graphene (Gnana
kumar et al., 2016), nitrogen doped carbon (CNx) (R. Wang
et al., 2013b) and graphene oxide (D. Wang et al., 2017a) to
prevent the dissolution and agglomeration of NPs which could
result in poor electrocatalytic activity. The soluble starch has
been used to produce more stable Pt-NPs in a colloidal state
and ensured high monodispersity and formation of small
diameter of Pt-NPs. The soluble starch/Pt-NPs deposited on
carbon layer demonstrated excellent high stabilities of both
electrochemical surface area and ORR compared to the com-
mercialize Pt/C (Cheng et al., 2015). In addition, the encapsu-
lation of metal oxide NPs by soluble starch could improve the
stability of metal oxide NPs in water and prevent further
aggregation (Ma et al., 2009).
Therefore, in respect to the above-mentioned findings, a
new type of non-precious and low cost electrocatalyst based
on starch/Fe3O4/zeolite-BNC was developed to study its elec-
trocatalytic activity for ORR process. The preparation of
BNC based on green synthesis technique was implemented
by controlling three main aspects such as solvent, reducing
agent and stabilizing agent that significance to eliminate the
use or generation of hazardous substances. The used of soluble
starch and zeolite may improve the stability of the prepared
BNC for oxygen reduction reaction and provide high surface
area and porosity for efficient ORR activity. Therefore, the
unique properties of starch and zeolite as stabilizer and solid
support were further explored for the preparation of iron
oxide-NPs to develop novel eco-friendly BNC material for
potential energy application.
2. Experimental
2.1. Materials and apparatus
All chemicals and reagents were of analytical grade and used
as received without further purification. Ferric chloride hex-
ahydrate (FeCl3_s6H2O, 97%), ferrous chloride tetrahydrate
(FeCl2_s 4H2O  96%) and zeolite 3A powder (0.6 K2O: 4.0
Na2O: 1 Al2O3: 2.0 ± 0.1 SiO2: x H2O) were acquired from
Sigma Aldrich. Sodium hydroxide (NaOH, 99%) and soluble
potato starch (C6H10O5)n were supplied by R&M Chemicals.
Deionized water from ELGA Lab Water Purification System,
UK was used as medium for the synthesis of material. The
benchtop pH meter model sensION+MM374 GLP 2 was
employed to control the solution pH. The prepared samples
were dried in an Esco Isotherm Forced Convection Labora-
tory Oven.
2.2. Preparation of starch/Fe3O4/zeolite bionanocomposite
The experiment was conducted according to the method
described by Abdullah et al. (2017b) with a slight modification.
First, 2.0 g of zeolite was suspended in 50 mL of deionized
water. Subsequently, NaOH (0.5 M) was added to the zeolite
suspension (pH  12.8) and continue stirred for 20 min. Then,
a mixture of Fe3+ (0.228 M) and Fe2+ (0.114 M) solution with
2:1 ratio and pH of 1.4 was added into 0.3 g hot starch solu-
tion (0.006 g ml1) at 60 C. Next, the resulting mixture was
added dropwise into the zeolite suspension. A subsequent
amount of NaOH (0.5 M) was added to maintain the solutionPlease cite this article in press as: Abdullah, N.H. et al., Electrocatalytic activity of
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around 40 C for 30 min. The precipitates were centrifuged at
10,000 rpm, washed several times with deionized water, and
finally dried in an oven at 50 C for 24 h.
2.3. Characterization of starch/Fe3O4/zeolite bionanocomposite
Various instrumentation techniques, such as ultra-violet visible
spectroscopy (UV–vis), powder X-ray diffraction (PXRD),
transmission electron microscopy (TEM), Field Emission Elec-
tron Microscopy (FESEM) equipped with Energy Dispersive
X-ray (EDX), vibrating sample magnetometer (VSM) and
Fourier transform infrared spectroscopy (FT-IR) were a-
dopted to characterize the prepared starch/Fe3O4/zeolite-
BNC. The UV–visible spectral measurements were carried
out using UV–Vis spectrophotometer (UV-1800, Shimadzu)
over the range of 300–800 cm1 by simply adding a colloidal
dispersion (in distilled water) into a cuvette, and gently shaken
before the reading was taken. The crystallinity and phase pur-
ity of the samples were examined by PAN analytical X’pert
PRO at an applied current of 20 mA and accelerating voltage
of 45 kV with Cu Ka radiation (k= 1.54 A˚) at 2h angle con-
figuration scanning from 5 to 80 (scanning rate = 2/min).
The size and morphology of the samples were observed under
TEM model TecnaiTM G2 F20 series. A drop of dispersed
nanoparticles was dripped onto 300-mesh copper grids and
air dried before viewing under a microscope. The microscope
was operated at accelerating voltage from 20–200 kV and stan-
dard magnification from 22 X to 930 KX. The morphology of
the samples was observed by FESEM-JEOL JSM-7600 F
equipped with EDX (Oxford Instrument spectrometer) with
accelerating voltage from 5–15 kV and magnification from 5
KX to 100 KX. The preparation of the samples can be done
by attaching a thin layer of powder sample on the carbon tape
and coating with the platinum to reduce charging effect. The
VSM analysis was carried out at room temperature to deter-
mine the magnetic properties of the BNC. The FT-IR spectra
were measured over the range of 400–4000 cm1 using the
Nicolet 6700 FT-IR spectrometer to determine the presence
of functional groups associated with the compounds. The sam-
ples were prepared by grounding the dried samples with potas-
sium bromide (KBr) to produce pellet before being analyzed.
2.4. Electrochemical test
Versa STAT3 employing Versa Studio software was used to
perform the linear sweep voltammetry (LSV) and cyclic
voltammetry for the electrochemical characterization. The
tests were conducted using a conventional three-electrode elec-
trochemical cell. The modified glassy carbon electrode (BNC/
GCE), a Pt wire and a Ag/AgCl electrode were used as the
working, auxiliary and reference electrodes, respectively. The
preparation of BNC/GCE was performed by sonication of 1
mg/mL of BNC for 30 min and 30 mL of the dispersed sample
was dropped on GCE (surface area: 0.07068 cm2). The electro-
catalytic activity of the BNC was evaluated to study its poten-
tial as electrocatalyst for the oxygen reduction reaction (ORR).
The ORR was investigated by LSV and CV techniques in an
O2-saturated 0.1 M KOH solution. The nitrogen and oxygen
gasses were purged into the KOH solution for 30 min before
running the electrochemical tests. The electrochemical stabilitystarch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
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O2-saturated 0.1 M KOH solution.
3. Results and discussion
3.1. Synthesis of starch/Fe3O4/zeolite bionanocomposite
Fig. 1 shows the formation of white cloudy zeolite suspension
in NaOH (0.5 M) solution. The zeolite suspension gradually
changed to dark brown precipitates with the addition of an
aqueous mixture of Fe3+ and Fe2+ ions in hot starch solution
and subsequent addition of NaOH solution. The synthesis of
Fe3O4/starch complex on the zeolite substrate involved the
interaction between external surface of Fe3O4 nanoparticles
with positive charge and oxygen atoms in hydroxyl group of
starches as negative charge (Dung et al., 2009; Zhang et al.,
2011). The chemical bonding between soluble starch and zeo-
lite structure also can be observed indicated the starch was
adsorbed onto the zeolite surface (Yan et al., 2014). Moreover,
previous studies reported that starch can form complexes with
metal ions because of their high number of coordinating func-
tional groups (hydroxyl and glucoside groups) and act as tem-
plates for nucleation and initial crystal growth of iron oxide
(Chang et al., 2011; Ma et al., 2009; Yu et al., 2009). Further-
more, the presence of polysaccharides compound may generate
dynamic supramolecular associations through inter- and intra-
molecular hydrogen bonding, as well as hindering agglomera-
tion of the particles, and producing nanoparticles of smaller
sizes. The existence of starch may improve the dispersion of
iron oxide NPs on the zeolite surface and in the aqueous solu-
tion. The formation of magnetic BNC can be confirmed upon
attraction of the material towards external permanent magnet
(Fig. 1).
In this study, a small amount of starch (0.3 g) was used to
assure better dispersion of iron oxide nanoparticles and pre-
vent the excess starch from capping iron oxide NPs (Chang
et al., 2011; Mao et al., 2016). Mao et al. reported that too
much starch in the composite material would result to decrease
in the catalytic performance (Mao et al., 2016). Chang et al.
demonstrated a small amount of soluble starch (14.3 wt%)
was utilized for the formation of uniform iron oxide NPs on
the surface of the multiwall carbon nanotube (MWCNT) com-Fig. 1 Zeolite suspension (a), starch/Fe3O4/zeolite-BNC (b), separa
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discovered that the optimum mass ratio of 12:5 of iron oxide
to starch would give high saturation magnetization and high
specific surface area (S. Wang et al., 2017b). In addition,
Zhang et al. presented that the increased in starch loading
from 0 to 0.5 wt% resulted to decrease in the NPs sizes from
124.7 nm to 11.5 nm. At elevated starch concentration, the sur-
face of each particle was slowly covered with stabilized mole-
cules, which induce a strong steric repulsion force thus
hindering the aggregation of particles and allow complete sta-
bilization of the particles (Zhang et al., 2011).
Eq. (1) displayed the metal ions were compounded with
starch and complex ions were generated [starch/2Fe3+:1Fe2+].
In the Eq. (2), sodium hydroxide was added to reduce the ions
in [Zeolite/starch/2Fe3+:1Fe2+] to [Zeolite/starch/Fe3O4] pre-
cipitates. The overall reaction for the formation of zeolite/
starch/Fe3O4-BNC may be written as follows:
starchþH2OðlÞ þ 2Fe3þðaqÞ þ Fe2þðaqÞ !
Stirring ½starch=2Fe3þ : 1Fe2þ
ð1Þ
½Zeolite=starch=2Fe3þ : 1Fe2þ þ 8OHðaqÞ
!Stirring ½Zeolite=starch=Fe3O4ðsÞ #
þ 4H2OðlÞ ð2Þ3.2. UV–visible analysis
The UV–Vis spectroscopy of starch, zeolite, Fe3O4 and starch/
Fe3O4/zeolite-BNC are illustrated in Fig. 2. From the spectra,
starch (yellow) and zeolite (blue) do not show any absorption
peak. On the other hand, the samples consisted of Fe3O4-NPs
showed the appearance of surface plasmon resonance absorp-
tion peak (Fig. 2(c) and (d)). The spectrum of Fe3O4 and BNC
showed that the absorption intensity decreased with the
increased of the wavelength in the range of 300–800 nm and
no strong absorption peak was identified in this region. Hui
et al. reported the similar occurrence was observed with no
obvious peak attributed to the Fe3O4-NPs formation in the
UV–vis spectrum (Hui et al., 2011). A broad featureless peak
corresponded to the core–shell structure of the NPs can be seention of BNC from reaction mixture using an external magnet (c).
starch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
Fig. 2 UV–visible spectra of (a) starch (b) zeolite (c) starch/
Fe3O4/zeolite-BNC.
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Fe3O4@SiO2 NPs due to the changes of band gap caused by
the quantum size effect and surface effect of the nanostructures
(Hui et al., 2011). In case of starch/Fe3O4/zeolite-BNC, the
intensity of the absorption peaks was increased owing to mixed
transition of composite.
3.3. Powder X-ray diffraction
The PXRD patterns of zeolite (Abdullah et al., 2017b), zeolite
treated NaOH (Abdullah et al., 2017b), starch/Fe3O4/zeolite-
BNC and potato starch (Abdullah et al., 2017a) are shown
in Fig.3 (a-e). The PXRD pattern of starch/Fe3O4/zeolite-
BNC (Fig.3c) demonstrated the substantial loss of crystallinity
and shifting of the peaks toward higher angle due to the incor-
poration of starch/Fe3O4-NPs along with the substantial
induce of the mesoporosity (Abdullah et al., 2017a, 2017b).
In addition, the introduction of mesopore formation are signif-
icant due to the purely microporous feature of zeolites can be a
drawback in particular applications as it could inflicts the dif-
fusion limitations which results to a restricted access to the
porous structure whenever the bulky molecules are involved
(Paixao et al., 2011).
Moreover, decreased in the crystallinity was also associated
with the massive dissolution of zeolite particles and loss of
both Si and Al atoms (Sadowska et al., 2013). By comparing
the PXRD pattern of BNC with our previous reported works
(Abdullah et al., 2017a, 2017b), all the peaks were corre-
sponded to the cubic zeolite phase (JCPDS file no: 00-038-
0241). Fig. 3e also displayed the overlapping of Fe3O4 peaks
with zeolite phase at 2h of 30.33, 36.07, 43.16, 53.52,
56.77 and 63.01. The incorporation of iron oxide-NPs on
zeolite substrate results in broadening of peaks at 2h=
36.07 and 63.01 which correspond to the most intense of
magnetite peaks (JCPDS file no: 019-0629). Nonetheless, no
appearance of starch phase was observed in BNC due to the
small amount of starch was used during preparation of BNC.
3.4. Field emission scanning electron microscopy analysis
In Fig. 4, the surface of cubic zeolite structures becomes rough
with the formation of starch stabilized Fe3O4-NPs. MorePlease cite this article in press as: Abdullah, N.H. et al., Electrocatalytic activity of
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induce of mesoporosity after desilication with NaOH and
addition of starch (Sadowska et al., 2013; Zhang et al.,
2016). Abdullah et al. reported the zeolite exhibited cubic
shape morphology with a smooth surface and composed of
Al, Si, Na and O elements (Abdullah et al., 2017b). The incor-
poration of iron oxide-NPs in zeolite was verified by the
appearance of Fe element at regions approximately 0.7 and
6.4 keV (Fig. 4(b)). The decrease of Si/Al atomic ratio of zeo-
lite from 1.02 (Abdullah et al., 2017b) to 0.86 was confirmed by
EDX analysis of BNC sample. The introduction of soluble
starch could reduce the agglomeration of Fe3O4 on the surface
of zeolite substrate. The synthesized BNC may serve as electro-
catalyst for effective ORR reaction owing to its high surface
area and porosity.
3.5. Transmission electron microscopy analysis
TEM images (Fig. 5(a) and (b)) revealed the formation of
nanoparticles of irregular shape corresponded to starch-
stabilized Fe3O4-NPs on the zeolite surface. A histogram illus-
trated that the as-synthesized NPs have an average diameter
and standard deviation of 9.24 ± 3.57 nm (Fig. 5(c)). The
selected-area electron diffraction (SAED) pattern in Fig. 5(d)
showed that the pattern can be assigned to [2 2 0], [3 1 1],
[4 0 0], [5 1 1] and [4 4 0] planes of cubic Fe3O4 which is in
agreement with the XRD pattern (JCPDS file No. 019-0629).
From these results, highly dispersed NPs with small diameter
sizes have been synthesized and could be further used as elec-
trocatalyst for ORR process. The small particle sizes with less
agglomeration may provide high surface area of catalyst for
effective electrocatalytic activity.
3.6. Vibrating sample magnetometer analysis
The VSM result of starch/Fe3O4/zeolite-BNC is shown in
Fig. 6. The result showed that the sample exhibited magnetic
properties at room temperature with coercivity (Hc) and rem-
anance (Mr) of 17.76 G and 0.0034 emu/g, respectively. The
saturation magnetization (Ms) obtained was 1.84 emu/g. Low
saturation magnetization was attributed to the presence of
non-magnetic layer of the starch and zeolite as well as low iron
oxide loading. Low saturation magnetization also has been
reported for zeolite/Fe3O4-NCs as this is common occurrence
for the hybrid nanoparticle systems (Murbe et al., 2008;
Sagir et al., 2016). They deduced that the difference in spin
ordering at the surface of the particles over that in the bulky
material resulting a magnetic core–shell structure. Moreover,
the weaker magnetization and lack of saturation signified the
characteristic of superparamagnetic NPs with grain size smal-
ler than 20 nm (Murbe et al., 2008; Sagir et al., 2016). How-
ever, the BNC prepared in this study demonstrated the
presence of small coercivity of 17.76 G attributed to the fer-
romagnetic behaviour of Fe3O4. Similar finding also has been
reported for Fe3O4-NPs prepared using leaf extract that
demonstrated ferromagnetic behaviour at 300 K with larger
coercivity of 230 G although the particles sizes obtained were
around 6 nm (Basavegowda et al., 2014). In case of ferromag-
netic material although the magnetic field has been removed,
there is still a little amount of magnetization remains which
is called remnant magnetization as its value can be variedstarch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
Fig. 3 PXRD patterns of zeolite (a), zeolite treated NaOH (b) starch/Fe3O4/zeolite-BNC (c, e), potato starch (d).
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Fig. 4 FESEM images of starch/Fe3O4/zeolite-BNC (a) and composition analysis by EDX (b).
Fig. 5 TEM images of starch/Fe3O4/zeolite-BNC (a,b), Particle size distribution of BNC (c) SAED pattern of Fe3O4-BNC (d).
Electrocatalytic activity of starch/Fe3O4/zeolite bionanocomposite 7depending on the structural, microstructural, and composi-
tional parameters of materials (Ghazanfari et al., 2016). Thus,
coercive field at the opposite direction is applied to destroy the
remnant magnetization (Ghazanfari et al., 2016). In ORR pro-
cess, the enhancement of the ORR current in ferromagnetic
samples has been observed when high external magnetic fields
were applied which facilitate the oxygen transfer on the cath-
ode as a result from the existence of strong Kelvin (magnetic)
force. Wang et al. demonstrated the synthesis of different types
of ferromagnetic catalyst with saturation magnetization (Ms)
of 86.3, 68.5, and 0.78 emu g1, for Fe3O4, c-Fe2O3, and Fe-
N-C, respectively (Wang et al., 2016). They reported the
increase of the ORR current on Fe-N-C is larger than Fe3O4
and c-Fe2O3 correspond to some internal tiny magnetic fields
produced by the Fe3O4 and c-Fe2O3 catalysts were different
from the magnetic direction of the external magnet. In addi-
tion, the ORR current on the cathode also increased as the
strength of the external magnetic field increased. However, if
the applied external magnetic field is lower than the saturation
magnetization of the ferromagnetic catalysts, the existence ofPlease cite this article in press as: Abdullah, N.H. et al., Electrocatalytic activity of
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would lessen the oxygen transfer. Moreover, it was noted that
the direction of the external magnetic field does not affect the
O2 transfer due to the paramagnetic behaviour of the oxygen
moleculars (Wang et al., 2016). Therefore, based on the afore-
mentioned aspect we can deduced that BNC with ferromag-
netic behaviour and low saturation magnetization can be
further used as electrocatalyst in ORR process.
3.7. Fourier transform infrared analysis
Fig. 7 showed the FTIR spectrum of starch/Fe3O4/zeolite–
BNC. The spectrum showed the appearance of strong and
broad absorption band in the region of 3424 cm1 attributed
to the terminal silanol groups (SiAO-H) on the external sur-
face of the zeolite crystals (Sagir et al., 2016). The featured
peak also represent inter and intermolecular hydrogen bonding
in the spectral regions of 3000–3600 cm1 (Ahmad et al., 2010;
Sagir et al., 2016). The appearance of band in the region of
1653 cm1 was corresponded to O-H bending vibration ofstarch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
Fig. 6 Magnetization versus applied magnetic field for starch/
Fe3O4/zeolite–BNC at 300 K. The inset of enlarged hysteresis
loop, showing a coercive field.
Fig. 7 The near FT-IR spectra of starch/Fe3O4/zeolite–BNC.
Fig. 8 Linear sweep voltammograms of BNC in N2, Fe3O4/
starch-O2-saturated, BNC-O2-saturated 0.1 M KOH.
8 N.H. Abdullah et al.bound water in starch. The assigned peaks in the region of
900–1200 cm1 were attributed to the stretching and bending
modes of Si-O and Al-O in the zeolite framework (Loiola
et al., 2012). For instance, the band that appeared around
1003 cm1 was associated with the asymmetric and symmetric
stretching modes of external linkages of Si-O and Al-O. The
band observed in the region of 666 cm1 was attributed to
the Al-O vibration. Meanwhile, the corresponding bands
observed at wavelength of 552–462 cm1 were associated with
the Si-O-Si bending vibration (Shameli et al., 2011). The
appearance of small peak at 2927 cm1 due to the C-H stretch-
ing vibration of starch compound indicated the starch was
adsorbed onto the zeolite surface (Yan et al., 2014). Apart
from that, the incorporation of Fe3O4 and starch in zeolite
structure also results to the peaks broadening at wavelength
below 800 cm1. The Fe-O bands attributed to the spinel struc-
ture in the range between 400 and 800 cm1 were found to be
overlapped with broad Si-O and Al-O band vibration at 462,
552 and 666 cm1 (Murbe et al., 2008). Similar observationPlease cite this article in press as: Abdullah, N.H. et al., Electrocatalytic activity of
Journal of Chemistry (2017), https://doi.org/10.1016/j.arabjc.2017.10.014also has been reported for magnetite/zeolite NCs with the
overlapping of Fe–O band vibration with Si-O at 445 cm1
(Sagir et al., 2016). Moreover, the C-O band attributed to
the starch molecule also overlapped with Si-O or Al-O stretch-
ing vibration at 1003 cm1. The FTIR analysis of zeolite and
potato starch have been reported in the previous works
(Abdullah et al., 2017a, 2017b).
3.8. Application in oxygen reduction reaction
ORR is an important reaction in electrochemical energy stor-
age/conversion devices. The ORR occurs in half cell of the
electrochemical devices such as metal-air batteries and direct
methanol fuel cells (DMFCs). The two main proposed ORR
pathways, 2-electron (Eq. (3)) and 4-electron pathways (Eq.
(4)) in alkaline solution have been shown as follows:
O2 þH2Oþ 2e ! OH þHO2 ð2-electron pathwayÞ ð3Þ
H2OþHO2 þ 2e ! 3OH
O2 þ 2H2Oþ 4e ! 4OH ð4-electron pathwayÞ ð4Þ
Fig. 8 displays the comparison between the performance of
BNC and Fe3O4/starch in the O2-saturated and BNC in the
N2-saturated 0.1 M KOH solution by LSV. The voltammo-
grams show that the BNC is a good catalyst for reducing oxy-
gen molecules in the presence of O2 saturated whereas no
significant ORR activity in N2-saturated 0.1 M KOH solution.
The oxygen reduction commences at the onset potential of 0 V
follows by the two successive reduction peaks at 0.48 V and
1.00 V. The hydrogen evolution starts at the potential about
1.42 V. The ORR performance of BNC was compared with
the previous reported Fe3O4/zeolite-NC (Abdullah et al.,
2017b). The ORR activity between NC and BNC did not
showed any significant different. This might be due to the
low starch contain was used during preparation of BNC.
The starch was added to improve the stability of cathode cat-
alyst as the strong chemical bonding between starch and Fe3O4
may prevent the iron oxide from undergo dissolution ang
aggregation after long term-stability test. However, if the
amount of starch was too much it would result to decrease
in catalytic activity due to the iron oxide NPs were cappedstarch/Fe3O4/zeolite bionanocomposite for oxygen reduction reaction. Arabian
Fig. 10 Cyclic voltammetry for bare GCE and bare Fe3O4 in O2-
saturated 0.1 M KOH.
Fig. 11 Linear sweep voltammograms of bare GCE and bare
Fe3O4 in O2-saturated 0.1 M KOH.
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observed for the sample containing only Fe3O4/starch
(Fig. 8). The ORR activity was found to be lowered than
NC and BNC. This occurrence was attributed to the low
amount of iron oxide contains as compared to starch
(Abdullah et al., 2017a). Thus, to improve the performance
of ORR activity of Fe3O4/starch, a high ratio of Fe3O4 to
starch is required.
Cyclic voltammetry (CV) was employed to investigate the
electrochemical activity of the prepared materials toward oxy-
gen reduction reaction. In order to investigate the ORR per-
formance of synthesized materials, CV was carried out in
0.1 M KOH in the of oxygen saturated. Oxygen reduction
reaction of bare GCE, starch/Fe3O4, and starch/Fe3O4/
zeolite-BNC are shown in Fig. 9. For the bare electrode, no
ORR activity was recorded under the presence of O2 at the
selected potential range from 0 to 1.7 V. Fig. 10 shows that
the bare Fe3O4-NPs exhibits the highest oxygen reduction
activity centered at 1.1 V. From Fig. 11, the LSV of bare
Fe3O4-NPs showed significant ORR activity at the onset
potential of 0 V follows by the two successive reduction peaks
at around 0.40 V and 1.1 V. As can be seen in Fig. 9, other
modified electrodes do not show any obvious reduction peak
in the selected potential window. Although the ORR of the
starch/Fe3O4 and BNC was smaller than solely Fe3O4, but
based on the literature, Fe3O4 does not have enough stability
for a long time due to easy dissolution, sintering and agglom-
eration (Huijuan Yang et al., 2014).
The ORR stability of BNC in 0.1 M KOH solution was car-
ried out via CV after cycling for 1000 cycles (Fig. 12). The syn-
thesized material was subjected to 1000 sweep cycles between
0.0 and -1.8 V vs. SCE at a scan rate of 50 mV/s. As can be
seen from Fig. 13, the current response did not show consider-
able decrease after 1000 cycles and the material retains around
95% of its initial response (I0 and It are the response current in
the first and following days, respectively). It confirms that the
synthesized material shows high stability for ORR in alkaline
solution. The incorporation of starch as stabilizer, results to
well maintained of the ORR activity as the stability increased
which mainly due to synergetic effect between Fe3O4 and
starch.Fig. 9 Cyclic voltammetry for bare GCE, starch/Fe3O4, starch/
Fe3O4/zeolite-BNC in O2-saturated 0.1 M KOH.
Fig. 12 Cyclic voltammetry for starch/Fe3O4/zeolite-BNC after
1st, 500th and 1000th cycles.
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Fig. 13 Plot of cycle number versus current after repeated cycles
of BNC by cyclic voltammetry in O2-saturated 0.1 M KOH.
Fig. 14 LSV of the BNC in O2-saturated 0.1 M KOH at the scan
rates of 20, 50, 100, 125, 150, 200, 300, 400 and 500 mV s1.
Fig. 15 Plot showing square root of the scan rate versus current.
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technique at different scan rates. As it can be seen in the
Fig. 14, the peak current values of ORR decline by increasing
the scan rate. The magnitudes of peak current change linearly
with increasing the square root of scan rate (Fig. 15). The
equation in the current versus t0.5 graph indicated that the
ORR is governed by the diffusion control process but the
non-zero intercept shows that the ORR is not a fully con-
trolled by diffusion manner. The second peak potentials
shifted slightly to more negative values at higher scan rates
which demonstrate the sluggish kinetics of intermediates that
generated during the first reduction step on the BNC.
4. Conclusions
In conclusion, the green synthesis of starch/Fe3O4/zeolite–
BNC was successfully developed without utilizing any toxic
chemical and solvent. The UV–vis spectrum underwent trans-
formation with the observation of plasmon resonance attribu-
ted to the formation of Fe3O4-NPs. PXRD analysis revealed
high purity and crystallinity of starch/Fe3O4/zeolite–BNC.
The highly distributed Fe3O4-NPs with an average diameter
and standard deviation of 9.24 ± 3.57 nm were observed over
the surface of zeolite. The formation of starch stabilized
Fe3O4-NPs on the surface of zeolite was verified by FESEM
and EDX analysis. VSM analysis indicated the saturation
magnetization and coercivity of BNC were 1.84 emu g1 and
17.76 G, respectively. The employed synthesis technique is an
environmentally friendly, cost effective and facile method for
the preparation of BNCs. As for the application in energy,
the BNC was used in the ORR process with long stability after
1000 repeated cycles. The voltammograms show that the BNC
is an applicable catalyst for reducing oxygen molecules which
can be employed in oxygen involving reactions as a potential
non-precious catalyst.
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